The Semail (Oman-United Arab Emirates) and other Tethyan-type ophiolites are underlain by a sole consisting of greenschist-to granulite-facies metamorphic rocks. As preserved remnants of the underthrust plate, sole exposures can be used to better understand the formation and obduction of ophiolites. Early models envisioned that the metamorphic sole of the Semail ophiolite formed as a result of thrusting of the hot ophiolite lithosphere over adjacent oceanic crust during initial emplacement; however, calculated pressures from granulite-facies mineral assemblages in the sole suggest the metamorphic rocks formed at >35 km depth, and are too high to be explained by the currently preserved thickness of ophiolite crust and mantle (up to 15-20 km). We have used highprecision U-Pb zircon dating to study the formation and evolution of the metamorphic sole at two well-studied localities. Our previous research and new results show that the ophiolite crust formed from 96.12-95.50 Ma. Our new dates from the Sumeini and Wadi Tayin sole localities indicate peak metamorphism at 96.16 and 94.82 Ma (±0.022 to 0.035 Ma), respectively. The dates from the Sumeini sole locality show for the first time that the metamorphic rocks formed either prior to or during formation of the ophiolite crust, and were later juxtaposed with the base of the ophiolite. These data, combined with existing geochemical constraints, are best explained by formation of the ophiolite in a supra-subduction zone setting, with metamorphism of the sole rocks occurring in a subducted slab. The 1.3 Ma difference between the Wadi Tayin and Sumeini dates indicates that, in contrast to current models, the highest-grade rocks at different sole localities underwent metamorphism, and may have returned up the subduction channel, at different times.
Introduction
The Semail ophiolite-exposed over approximately 20,000 km 2 in Oman and the United Arab Emirates (UAE)-is the largest and best-studied ophiolite in the world (Fig. 1) . The ophiolite preserves a large section of oceanic crust and upper mantle, and has been used extensively to study mid-ocean ridge processes. Current models for the structure of fast-spread oceanic crust and the processes of lower crustal accretion at fast-spreading ridges are based heavily on observations from the ophiolite (e.g., Boudier et al., 1996 ; Fig. 1a and a simplified pseudostratigraphy for the ophiolite. Larger red squares with sample numbers show the locations of plutonic rocks dated in this study and smaller red squares are sample locations of dated ridge-related (V1) plutonic rocks from Rioux et al. (2012 Rioux et al. ( , 2013 . Map after Nicolas et al. (2000) . (b) Lithologic map of the Sumeini Window sole locality. Samples analyzed in this study are identified by blue squares. (c) Lithologic map of the Wadi Tayin sole locality. Samples are identified by yellow squares. For Figs. 1b and 1c, unit boundaries were drawn from multispectral Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data and Google Earth images, with units assigned based on our field observations and maps from previous studies (Cowan et al., 2014; Searle and Cox, 2002; Searle and Malpas, 1982) . Each map is draped over a hillshade derived from the ASTER Global Digital Elevation Model (GDEM) version 2. (A color version of this figure is available with the web version of the article.) ever, peak metamorphic pressures of 11-13 kbar estimated for granulite mineral assemblages in the sole (Cowan et al., 2014; Gnos, 1998) , suggest metamorphism at depths of >35 km-more than can be explained by the currently preserved thickness of ophiolite crust and mantle (up to 15-20 km) (Searle and Cox, 2002) . The elevated pressures have been explained by either structural thinning of the ophiolite during or following emplacement (Hacker and Gnos, 1997) or by the formation of the sole rocks within a subducted slab, followed by exhumation up the subduction channel (Searle and Cox, 2002; Searle et al., 2015) .
In this study, we used high-precision U-Pb zircon dating and whole rock Sm-Nd isotopic data to better constrain the origin of the metamorphic sole in the Semail ophiolite. We present new dates and isotopic data from the ophiolite crust and two wellstudied sole localities. Our data show that sole metamorphism was diachronous, with the earliest metamorphism occurring at the same time or prior to formation of the ophiolite crust. We use the data to constrain the tectonic setting of ophiolite formation and develop new models for the formation of the metamorphic soles in ophiolites.
Geology of the Semail ophiolite
The Semail ophiolite preserves a cross section through oceanic lithosphere, including residual mantle harzburgite and dunite; lower and mid-crustal gabbroic rocks; upper crustal sheeted dikes; and submarine pillow basalts and lavas (Fig. 1a) (Nicolas et al., 2000; Pallister and Hopson, 1981) . The volcanic rocks within the ophiolite can be divided into two distinct series based on their geochemistry and structural position. V1 (Geotimes unit) pillow basalts and lavas directly overlie the sheeted dike complex. They have geochemical signatures that are most similar to modern mid-ocean ridge basalts (MORB) (Ernewein et al., 1988; Godard et al., 2006) , although on average they have lower TiO 2 at a given MgO (MacLeod et al., 2013) , and are deleted in Nb and Tarelative to Th and La-compared to average MORB (e.g., Godard et al., 2006) . The V1 volcanic series are interpreted to represent the volcanic equivalent of the main plutonic crust (Haase et al., 2016; Kelemen et al., 1997) . The overlying, younger V2 volcanic series (Lasail and Alley units) are depleted in immobile incompatible trace elements (e.g., Nb, Ta, REE, Zr) relative to the V1 series, and have chemical similarities to some highly depleted volcanic rocks formed above subduction zones (Alabaster et al., 1982; Ishikawa et al., 2002; Pearce et al., 1981) . Intrusive equivalents of the V2 plutonic series become volumetrically more significant from south to north; the V2 series is present, but makes up a small portion of the crust in the southernmost massifs, whereas up to 50% of the crust in the UAE section of the ophiolite is composed of the V2 magmatic series (Goodenough et al., 2010; Haase et al., 2016; Rioux et al., 2013; Styles et al., 2006) . The differences in geochemistry between the V1 and V2 lavas and modern MORB have been one of the primary arguments in favor of a suprasubduction zone origin for the ophiolite (e.g., MacLeod et al., 2013; Pearce et al., 1981) .
The metamorphic sole of the Semail ophiolite is exposed in several localities along the eastern and western margins of the ophiolite (Nicolas et al., 2000; Malpas, 1980, 1982) , with the largest and best-studied sections at the Wadi Tayin, Sumeini and Masafi localities (Fig. 1) . At each exposure, the sole is separated from the overlying mantle harzburgite by the Semail thrust. Below the thrust, sole metamorphic rocks record a condensed, inverted metamorphic gradient, reflecting tectonic juxtaposition of rocks metamorphosed at different pressures and temperatures (Gnos, 1998) . The highest-grade rocks consist of amphibolites with rare granulite enclaves in a m-scale band directly below the Semail thrust. Cm-scale diorite to tonalite pods and dikes occur at the highest structural levels and have been interpreted as small-volume intrusions formed by melting during peak metamorphism (Cowan et al., 2014; Searle and Malpas, 1980) . Petrological and geochemical analyses indicate that the amphibolites are metamorphosed MORB that are chemically different than the over-thrust ophiolite crust (Searle and Malpas, 1982) . The amphibolites are underlain by a thicker sequence of dominantly meta-sedimentary lower amphibolite to greenschistfacies marbles and quartzites. Pressure-temperature estimates from the sole range from 770-900 • C and 11-13 kbar for granulitefacies mineral assemblages within the amphibolites; 700-750 • C and 9 kbar for upper amphibolite-facies mineral assemblages; and 475-550 • C and 4.5-5.5 kbar for the lower amphibolite-to greenschist-facies metasediments (Cowan et al., 2014; Gnos, 1998; . The sole rocks are underlain by lower grade sedimentary and volcanic rocks of the Haybi and Hawasina complex thrust sheets (Fig. 1) .
Existing geochronology
Our work builds on previous geochronologic studies of the ophiolite crust and metamorphic sole. In the 40 Ar/ 39 Ar system, presented a large dataset of amphibole and mica cooling dates from the ophiolite. The data showed that sole metamorphism was synchronous with or rapidly followed formation of the ophiolite crust, but were not precise enough to differentiate between these alternatives; the authors interpreted the data to reflect formation of the metamorphic sole as a result of rapid thrusting of the ophiolite over adjacent oceanic crust. Three previous studies have used multigrain isotope-dilutionthermal-ionization mass spectrometry (ID-TIMS) U-Pb zircon dating to study the ophiolite. Tilton et al. (1981) carried out the first dating of plutonic rocks in the ophiolite crust, and reported 206 Pb/ 238 U dates of 97.3 ± 0.4 to 93.5 ± 0.4 Ma, with most dates clustered around 95 Ma. Warren et al. (2005) re-dated samples from four of the Tilton et al. (1981) localities and found similar 206 Pb/ 238 U dates of 95.50 ± 0.24 to 94.37 ± 0.18 Ma; some samples from the Tilton et al. (1981) and Warren et al. (2005) studies may be from late V2 plutonic rocks that postdate the main (V1) phase of crust-forming magmatism (Rioux et al., 2013 The data presented herein are the most recent results from our group's efforts to generate a large internally consistent dataset of high-precision single-grain U-Pb zircon dates, to constrain the detailed magmatic and tectonic development of the ophiolite. In our previous work, we dated 18 plutonic samples from the main phase of crust-forming magmatism (V1) in the southern ophiolite massifs and seven additional plutonic samples that we attributed to late (V2) magmatism based on field relations (Rioux et al., 2012 (Rioux et al., , 2013 . There is a resolvable range of zircon dates in many samples, potentially reflecting either protracted zircon crystallization, or inheritance of zircons from older portions of the magmatic system or surrounding wallrocks (Rioux et al., 2012 (Rioux et al., , 2013 . We take the youngest cluster of dates in each sample to be the best estimate of the final crystallization age; all of the dated zircons were analyzed using the chemical abrasion method (Mattinson, 2005) 0.11 Ma. Here we present the first high-precision dates from the Sumeini sole locality, more-precise dates from the Wadi Tayin locality and new dates from the main phase of crustal magmatism in the northern portion of the ophiolite; together, these dates provide important new insights into the formation of the metamorphic sole and the tectonic setting during ophiolite growth.
Methods
Single-zircon U-Pb dating was carried out by ID-TIMS in the Radiogenic Isotope Laboratory at the Massachusetts Institute of Technology (MIT). All zircons were dissolved using the chemical abrasion method (Mattinson, 2005) , modified for single grain analyses. Analytical methods are described in the Supplementary Text and Rioux et al. (2012) . 206 Pb/ 238 U dates reported and plotted throughout from this study and Rioux et al. (2012 Rioux et al. ( , 2013 are Thcorrected (Supplementary Text). Data from our previous studies discussed herein were recalculated to be consistent with the reduction parameters used in this study. Whole rock Sm-Nd isotopic data were collected at MIT following the procedures outlined in Rioux et al. (2012) . Cathodoluminescence (CL) and backscattered electron (BSE) images were collected on the FEI Quanta 400F fieldemission scanning electron microscope (SEM) at the University of California, Santa Barbara (UCSB; CL and BSE) and the JEOL Superprobe JXA-733 at MIT (CL).
Results

U-Pb zircon geochronology
Our previous research on the timing of crustal growth focused on the southern ophiolite massifs in central Oman (Fig. 1a) .
To enable a more-robust comparison between the timing of sole metamorphism and ridge magmatism in northern Oman and the UAE, we dated five gabbroic rocks attributed to the main phase (V1) of ridge magmatism in these areas (13215M07, 13215M09, 131213M02, 131212M01, 131217M03; Fig. 1a from the northern part of the ophiolite are coeval with our previous analyses of gabbroic rocks from the southern ophiolite massifs (Rioux et al., 2012 (Rioux et al., , 2013 Fig. 3 ), suggesting synchronous spreading and crustal growth along the entire length of the ophiolite. This finding conflicts with data in Styles et al. (2006) , which suggest that the late (V2) magmatic series in the UAE was as old as 96.4 Ma, requiring that the V1 magmatism in the UAE occurred prior to 96.4 Ma and pre-dated V1 magmatism in Oman.
The single tonalite body we dated in this study from the southern Wadi Tayin massif (1923M12) was previously dated by Tilton et al. (1981) , and yielded one of the oldest date in that study (96.9 ± 0.4 Ma); we found a younger date of 96.039 ± 0.039 Ma, which is consistent with the timing of V1 magmatism based on other samples (Fig. 3) . The youngest date from our new analyses comes from a gabbroic exposure in the UAE adjacent to a younger magmatic unit, and this sample may be related to secondary V2 magmatism.
To establish the timing of metamorphism within the sole of the ophiolite, we dated samples from the Sumeini and Wadi Tayin metamorphic sole localities (Fig. 1, Table 1 , Supplementary  Fig. S1 , Supplementary Table S1). At the Sumeini locality, two small (∼15 cm) diorite pods (13213M05, 13213M06) yielded the most-precise results. Textural evidence and mineralogy-discussed in section 5.2-suggest that these pods crystallized from partial melts formed during metamorphism of the surrounding amphibolite, in agreement with previous work (Cowan et al., 2014; Searle and Malpas, 1980) . The two samples yielded tight clusters 206 Pb/ 238 U dates from the V1 plutonic crust and metamorphic sole (this study; Rioux et al., 2012 Rioux et al., , 2013 (Fig. 2) . The two older dates from 13213M05 likely reflect the presence of older zircon cores, which may have been inherited from the surrounding amphibolite. Four of the zircons within the younger cluster of dates from this sample were imaged by CL prior to the U-Pb analyses (Fig. 4) . The CL images do not show any evidence for inherited cores in these grains, supporting the interpretation that the younger cluster of dates records the timing of zircon crystallization from the magma; the two older grains from this sample were not imaged prior to dating. The weighted mean dates from the two dated diorite pods overlap within uncertainty, and suggest that metamorphism at the Sumeini locality occurred at ∼96. ple show textures in CL that could record the presence of older cores (Fig. 4o) . The new date overlaps with our previous analyses from a trondhjemite pod from Wadi Tayin, which yielded a weighted mean 206 Pb/ 238 U date of 94.69 ± 0.11 Ma (Fig. 3 ) (Rioux et al., 2013) . The more precise data from this study suggest that peak metamorphism at the Wadi Tayin locality oc- (Fig. 2) . The large range of dates likely reflect either 1) mixing between new zircon grown during metamorphism and older zircon cores, 2) inheritance of whole grains from the protolith to the amphibolite, or 3) earlier, prograde-to-peak zircons that grew prior to melting of the amphibolite. The data suggest that peak metamorphism occurred after 95.085 ± 0.063 Ma, consistent with the more-precise age constraint from the diorite pod from this locality (13222M02; 94.815 ± 0.030 Ma).
Textural context of the dated zircons
To understand the implications of our new U-Pb dates, it is necessary to understand the petrogenetic history of the dated rocks. At the Sumeini and Wadi Tayin sole localities, sampled diorite pods contained abundant large zircons and provided the mostprecise dates. Here we discuss the origin of the pods, and the distribution of zircons within the dated samples. We focus on observations from the two dated pods that are concordant to the foliation from the Sumeini sole locality (13213M05, 13213M06), which we studied in the most detail.
In the field, the diorite pods are ∼15 cm × 5 cm with irregular boundaries. Small stringers (<1 cm) from the pods project into the surrounding amphibolite, and the pods contain numerous cm-scale pieces of the amphibolite (Supplementary Fig. S2 ). The host amphibolite is composed of foliated amphibole + plagioclase ± clinopyroxene, whereas the pods contain plagioclase (An 5-15 ) + epidote + clinopyroxene (Fig. 5) . The plagioclase crystals in the pods are euhedral and have oscillatory zoning with an increasing albite component from core to rim. Epidote crystallized after plagioclase and is interstitial and/or encompasses plagioclase grains. Some epidotes have oscillatory zoning with an increasing clinozoisite component from core to rim. Textural observations suggest that clinopyroxene along the margins of the diorite pods formed as a result of amphibole breakdown (Fig. 5) , reflecting either a melting reaction (e.g., Hacker, 1990) or reaction between an intruding melt and the surrounding amphibolite. The presence of euhedral minerals, oscillatory zoning in the plagioclase and epidote, and the absence of foliation in the diorite pods are consistent with crystallization from a magma, in agreement with previous work (Cowan et al., 2014; Searle and Cox, 1999; Malpas, 1980, 1982) ; magmatic epidote would have been stable at the inferred peak metamorphic pressures of 11-13 kbar for granulite minerals within the amphibolites (Schmidt and Poli, 2004) . The absence of deformation within the pods suggests that either the pods formed near the end of deformation or that the locus of deformation shifted after crystallization. The pods do not contain quartz and have a lower SiO 2 content than expected for low-percentage partial melts of amphibolite, suggesting that they represent cumulates separated from a more Si-rich melt; other crystallized igneous pods from the Sumeini and Wadi Tayin localities contain quartz (Cowan et al., 2014; Searle and Cox, 1999; Malpas, 1980, 1982) .
To determine the petrogenetic setting of the dated zircons from the diorite pods, we used backscattered electron (BSE) imaging of polished slabs (Fig. 6) . The fine-scale intermingling of the amphibolite and melt-related pods and veins prohibited complete separation of pods and veins from the amphibolites during mineral separation. However, BSE imaging and energy dispersive spectrometry (EDS) of serial sections of the dated samples from the Sumeini locality reveal that large (>150 μm) zircons, similar to the grains dated in this study, primarily-and perhaps exclusivelyoccur within the igneous veins. In twelve polished slabs (20 mm × 30-50 mm) of intermingled amphibolite and igneous veins, we identified seven zircons with a maximum dimension >150 μm, seven zircons with a maximum dimension between 75-150 μm and 39 zircons with a maximum dimension <75 μm (Fig. 6) . All of the largest zircons (>150 μm), and all but one of the intermediate zircons (75-150 μm) are within veins; the petrographic relationship of the final intermediate zircon is ambiguous. The smaller zircons occur in both the amphibolite and veins. Taken together, the data outlined above suggest that the diorite pods and veins formed by partial melting during metamorphism, and that the dated zircons crystallized from the partial melts, and therefore record the age of peak or post-peak metamorphism. 
Whole rock Sm-Nd isotopic analyses
Whole rock Sm-Nd isotopic analyses were used to constrain the protolith composition of four samples from the metamorphic sole (Supplementary Table S2 
Discussion
Interpretation of the whole rock Sm-Nd data
Rocks related to the crust forming V1 magmatic event in the ophiolite have ε Nd (96 Ma) of +7 to +9 (Amri et al., 2007; Godard et al., 2006; Rioux et al., 2012 Rioux et al., , 2013 , similar to the isotopic composition of modern MORB (e.g., Hofmann, 2007 and the U-Pb data suggest a maximum crystallization age >1 Ma younger than the timing of peak metamorphism at Sumeini. The origin of this crosscutting vein is not constrained, and it is not clear how the isotopic composition relates to the protolith composition of the metamorphic rocks within the sole.
The three other samples suggest variable protolith compositions for the sole metamorphic rocks. The garnet amphibolite at the Wadi Tayin locality collected directly below the Semail thrust yielded ε Nd (96 Ma) = 7.11, similar to the isotopic composition of modern MORB and the ophiolite crust. These data are consistent with trace-element data suggesting that the protoliths to the sole amphibolites consisted of basalts generated along a spreading center Cox, 1999, 2002; Searle and Malpas, 1982) . In contrast, the metasediment from the Wadi Tayin locality has ε Nd (96 Ma) = −8.35, suggesting that it includes material with time-integrated light rare earth-element enrichment. We consider it likely that the protolith to the metasediments is a biogenic chert with a small percentage of terrigenous sediment, consistent with the conclusion of Ishikawa et al. (2005) . Finally, a garnet amphibolite from Sumeini has ε Nd (96 Ma) = 3.90. Such low ε Nd are extremely rare at mid-ocean ridges (Hofmann, 2007) , and may in- Ophiolites form at mid-ocean ridge spreading centers followed by thrusting at or near the ridge axis (Boudier et al., 1988) . (b) Ophiolites form above subduction zones as a result of extension in the over-riding plate (Pearce et al., 1981; Searle and Cox, 2002; Malpas, 1980, 1982) . (c) Ophiolites form in the footwall of subducting plates. Ridge subduction may jam the subduction zone, leading to intra-oceanic thrusting and ophiolite emplacement. Filled stars show the location of active metamorphism of sole rocks; the white star shows the original depth of metamorphism for rocks that were subsequently exhumed. Abbreviations are litho., lithosphere, including the crust (black) and lithospheric mantle (gray); astheno., asthenospheric mantle. (A color version of this figure is available with the web version of the article.) dicate that the protolith to some of the sole amphibolites are a mix between basaltic and sedimentary components.
The tectonic setting of ophiolite formation
The tectonic setting during formation of the Semail and other ophiolites has long been contentious. The two most widely cited models for the Semail ophiolite are 1) the ophiolite formed at a normal mid-ocean ridge spreading center and was subsequently thrust over adjacent oceanic crust (Fig. 7a) (Boudier et al., 1988) , and 2) the ophiolite formed at a spreading ridge in the hanging wall of a subduction zone (Fig. 7b) (Pearce et al., 1981; Searle and Cox, 2002; Malpas, 1980, 1982) . We further consider a third potential geometry, in which the ophiolite formed on a subducting plate outboard of the subduction trench (Fig. 7c) . In the mid-ocean ridge model (Fig. 7a) , the calculated pressures in the sole require that the over-thrust slab was ≥35 km thick, and was subsequently thinned (Hacker and Gnos, 1997) . In the supra-subduction zone model (Fig. 7b) , emplacement of the ophiolite is accommodated along the existing subduction zone interface, and the highest-grade sole rocks represent buoyant exhumation of material from deeper in the subduction zone (e.g., Cowan et al., 2014) . In the ridge subduction model (Fig. 7c) , emplacement of the ophiolite requires development of a new thrust below the future ophiolite that is distinct from the subduction zone interface, potentially as a result of jamming of the subduction zone due to subduction of young buoyant lithosphere as the ridge approaches the trench; the ophiolite could then be thrust either over the hanging wall of the subduction zone or a new thrust could develop in oceanic lithosphere outboard of the ridge axis.
The three tectonic models make testable predictions about the relative timing of formation of the ophiolite crust and development of thrusting or subduction below the ophiolite: in the mid-ocean ridge model, formation of the ophiolite crust predates thrusting below the ophiolite, whereas in the two latter models, subduction-and associated metamorphism-may be synchronous with or predate formation of the ophiolite crust. Our new U-Pb dates indicate that the metamorphic rocks preserved at the Sumeini locality underwent metamorphism and melting at 96.16 Ma, immediately prior to or synchronous with formation of the ophiolite crust at a submarine spreading center between 96.12-95.50 Ma (Fig. 3) . These data preclude the traditional midocean ridge model for ophiolite formation (Fig. 7a) , and favor the two subduction-related models (Fig. 7b, c) .
The geochronologic data alone do not differentiate between a supra-subduction zone and ridge-subduction setting (Fig. 7b, c) , and there are viable modern analogues for each model. It has been proposed that ophiolites may form in a range of different supra-subduction zone tectonic settings, including back-arc spreading centers (Pearce et al., 1981) , at the intersection of spreading ridges and subduction trenches (Casey and Dewey, 1984) , or in the forearc of subduction zones during subduction initiation (e.g., Stern and Bloomer, 1992) . For the ridge-subduction model, the southern Chile Ridge, adjacent to the Chile Trench, provides a possible analogue; Klein and Karsten (1995) showed that the geochemical signatures of ridge segments on the southern Chile Ridge near the Chile Trench have been influenced by the adjacent subduction zone. The trace-element patterns from these segments share some similarities with the V1 lavas in Oman (Godard et al., 2006; Karsten et al., 1996; Klein and Karsten, 1995) .
We favor a supra-subduction zone model because it more simply explains both the geochemical constraints from the ophiolite and our new U-Pb data. The major element data from the ophiolite in particular strongly favor a supra-subduction zone origin. These data show that the V1 (Geotimes) dikes and lavas in the ophiolite on average have lower TiO 2 at a given MgO, and higher SiO 2 and lower Cr than typical MORB (MacLeod et al., 2013; Pearce et al., 1981) . Data from the southern Chile Ridge plot within the MORB field for these elements (Karsten et al., 1996; Sherman et al., 1997) , indicating that although near-trench processes can generate mid-ocean ridge segments with trace-element signatures similar to ophiolites, these processes do not reproduce observed major element trends in the Semail ophiolite.
A supra-subduction zone model also provides a simple explanation of the new U-Pb dates from the Wadi Tayin and Sumeini sole localities, and our previous data constraining the age of felsic intrusions within the ophiolite mantle. In Oman and the UAE, a series of granite, granodiorite, tonalite, and trondhjemite sills and dikes intrude mantle harzburgite below the crust-mantle transition (Amri et al., 2007; Rollinson, 2009 Rollinson, , 2015 . These intrusions have ε Nd (96 Ma) and ε Hf (96 Ma) that are lower than expected for a mid-ocean ridge setting, and are best explained by thrusting or subduction, and partial melting, of terrigenous or pelagic sediments below the ophiolite (Haase et al., 2015; Rioux et al., 2013; Rollinson, 2009 Rollinson, , 2015 . In our previous work, we dated one of these intrusions from the Haylayn massif [ε Nd (96 Ma) = −7.7] and found a date of 95.174 ± 0.039 Ma (Rioux et al., 2013) , suggesting the establishment of sub-ophiolite thrusting by this time. In suprasubduction zone models, the dates for sole metamorphism that are older and younger than ridge magmatism (96.16 and 94.82 Ma) and the intrusion of the felsic mantle dikes at 95.2 Ma, can be explained by ongoing metamorphism and sediment melting on a single subducted slab (section 6.3). A ridge-subduction model would require a more complex tectonic development to account for the combined U-Pb datasets.
Overall, while there are complications with all models, a suprasubduction zone model (Fig. 7b) most parsimoniously explains i) our new U-Pb dates from the Sumeini and Wadi Tayin sole localities; ii) observed differences between the major and trace element geochemistry of the ophiolite volcanic rocks (V1 and V2) and modern MORB (Alabaster et al., 1982; Ishikawa et al., 2002; MacLeod et al., 2013; Pearce et al., 1981) ; iii) compositional differences between the ophiolite crust and metamorphic sole (Searle and Cox, 2002; Searle and Malpas, 1982) ; iv) the inferred pressures of metamorphism within the ophiolite sole (Cowan et al., 2014) ; and v) the intrusion of felsic magmas with low ε Nd and ε Hf into the mantle section of the ophiolite soon after ridge magmatism (Haase et al., 2015; Rioux et al., 2013; Rollinson, 2009 Rollinson, , 2015 .
Origin of high-grade rocks within the metamorphic sole
Models for the formation of the sole have generally assumed that metamorphism of the highest-grade rocks was synchronous along the length of the ophiolite (Searle and Cox, 2002; Searle et al., 2015) . This conclusion has been supported by similarities in the structural position, metamorphic architecture and lowerprecision radiometric dates of sole localities along strike ; thermobarometric results suggest that the highest grade rocks at the Wadi Tayin and Sumeini localities reached similar peak conditions of 1.1-1.2 GPa and 800-900 • C (Cowan et al., 2014) , and both localities have a similar pseudostratigraphy, with a m-scale layer of garnet amphibolite/granulite directly below the Semail thrust underlain by garnet-free rocks. However, our new dates show that melting and metamorphism in the Sumeini and Wadi Tayin sole localities occurred diachronously at 96.16 and 94.82 Ma, respectively.
We envision two possible models to explain the combined U-Pb zircon dates and calculated metamorphic pressures in a subduction-zone setting (Fig. 8) . In the first model, each sole locality formed from slivers of a subducted slab that reached peak pressures 1.3 Ma apart. Following metamorphism, the metamorphic rocks from the Sumeini and Wadi Tayin localities either returned up the subduction channel at different times (Fig. 8b ), or were transferred to the hanging wall of the subduction zone after metamorphism, and later exhumed in a coherent slab of mixed hydrated mantle and metabasalt. Alternately, the diachronous metamorphism may reflect variable subduction rates along the length of the ophiolite-perhaps as a result of jamming of the subduction zone to the north (modern coordinates), which could have led to rotation of the subducted slab (Fig. 8c) . In this case, although the metamorphic rocks from the Sumeini locality reached peak pressures at 96.16 Ma, they may have remained at near-constant depth, while the southern portion of the slab continued to subduct. The metamorphic rocks from the Wadi Tayin locality then reached peak pressures at 94.82 Ma, and the rocks from both localities were exhumed in a single coherent piece of the subducted slab.
A key consideration in either model is whether the sole rocks could have been exhumed by buoyancy. To determine the buoyancy of the sole with respect to the overlying mantle peridotite, we generated P -T pseudosections in Perple_X using an average bulk composition of sole amphibolite from the Wadi Tayin locality and a harzburgite composition based on an average of whole rock harzburgite analyses from the Wadi Tayin massif (Supplementary Table S4 ; Supplementary Text). The calculated mineral assemblages are consistent with the observed mineralogy of amphibolite-to granulite-facies rocks from the sole. Calculated densities show that even at the peak granulite-facies conditions reached by the sole rocks (1.2 GPa and 800-900 • C), the garnet granulites were at least 50-75 kg/m 3 less dense than the overlying, hydrated mantle wedge (Fig. 9) . Further, the density difference would have increased as the metamorphic rocks rose to lower pressures and underwent retrograde reactions at amphibolite-facies conditions. The Perple_X results indicate that if the granulite-to amphibolite-facies metabasalts in the Sumeini and Wadi Tayin sole localities became detached from the downgoing slab, buoyancy could have driven them to return up the subduction channel. We have Fig. 9 . Density differences between amphibolite-to granulite-facies metabasalt and harzburgite calculated with Perple_X (the contour interval is 25 kg/m 3 ). Blue indicates amphibolite denser than co-existing harzburgite at the equivalent P -T conditions; red the opposite. At low T , the difference is defined by the stability fields of hydrous minerals in the harzburgite (gray solid lines), whereas at higher-T the difference is dominated by the modal abundance of garnet in the amphibolite (black dashed lines). P -T conditions calculated for granulite-facies (boxes) and amphibolite-facies (circles) assemblages in the Wadi Tayin and Sumeini exposures of the metamorphic sole are shown for reference (Cowan et al., 2014) ; all P -T data plot below the line of equal density, indicating that the amphibolite is positively buoyant with respect to harzburgite. Details of the calculations are provided in the Supplementary Text. (A color version of this figure is available with the web version of the article.)
previously hypothesized that slab breakoff at greater depths could also have resulted in buoyancy driven exhumation of the sole rocks (Searle et al., 2015) . We prefer the former non-slab break off model, because high pressure rocks exposed at As Sifah, on the east coast of Oman, provide evidence for continued subduction after exhumation of the sole granulites and amphibolites-eclogites from As Sifah are interpreted to represent continental material subducted to pressures up to 2.5 GPa (e.g., Searle et al., 1994) at ∼79 Ma (Warren et al., 2005) . A simple explanation for the formation of both the metamorphic sole and the HP rocks is that they formed in a single east dipping (present coordinates) subduction zone (e.g., Searle et al., 1994) . The similar 40 Ar/ 39 Ar cooling dates from the ophiolite crust and metamorphic sole suggest that the sole rocks returned up the subduction channel, cooled, and were juxtaposed with the base of the ophiolite soon after peak metamorphism. Continued subduction and slab pull may then have led to subduction of the continental margin and final obduction of the ophiolite by ∼79 Ma (Warren et al., 2005) . The two models we present for the formation of the Sumeini and Wadi Tayin metamorphic rocks (return of slivers of subducted slab versus slab rotation; Fig. 8 ) could be tested by additional highprecision dating of other sole localities: the first model predicts a random variation of dates at different sole localities, whereas the second model predicts a smooth spatial progression of ages from north to south. In the latter model, jamming of the subduction zone in the northern part of the ophiolite may help to explain along-strike differences between exposures in Oman and the UAE: as noted above, the proportion of late (V2) igneous rocks increases northward in the ophiolite, perhaps reflecting heating and dehydration of a stalled slab to the north.
In the preceding discussion, we treated the ophiolite as a relatively coherent block formed along a roughly northwestsoutheast (current coordinates) striking ridge. Paleomagnetic studies of dikes, lavas, overlying sediments, layered gabbros and peridotites have documented different orientations between the northern and southern massifs, and even within the northern massifs, during the V1 and V2 magmatic events (Perrin et al., 2000; Weiler, 2000) . Based on these data it has been proposed that there has been 90-120 • of rotation between the northern and southern massifs since formation of the ophiolite. We consider it unlikely that such rotations occurred. Sheeted-dike orientations along the length of the ophiolite are consistently oriented northwestsoutheast (Nicolas et al., 2000) . Our cumulative U-Pb dataset also shows that both the V1 (96.12-95.50 Ma) and V2 (95.5-95.0 Ma) magmatic series formed synchronously in the southern and northern massifs. It would be fortuitous if the northern and southern massifs formed and were subsequently intruded by later magmatic series over the same short time intervals at separate ridges oriented at >90 • to each other, prior to tectonic rotations leading to the current alignment of the ophiolite massifs and sheeted dikes. A simpler explanation is that the ophiolite formed along a single ridge system with limited rotations among the different massifs, and that some or all of the paleomagnetic signal was reset by later magmatic, hydrothermal and/or tectonic events (e.g., Feinberg et al., 1999) .
Conclusions
New high-precision U-Pb dates provide insight into the origin of the metamorphic sole of the Semail ophiolite, and the tectonic evolution during ophiolite formation and emplacement. Our previous research and new results show that the main portion of the ophiolite crust formed by oceanic spreading from 96.12-95.50 Ma. New dates from leucocratic pods suggest that amphibolite to granulite facies metamorphism occurred at 96.169 ± 0.022 to 96.146 ± 0.035 Ma and 94.815 ± 0.030 Ma in the Sumeini and Wadi Tayin sole localities, respectively. The data from the Sumeini sole locality definitively show for the first time that some sole metamorphism occurred immediately before or during formation of the ophiolite crust. The new U-Pb data-coupled with thermobarometry from the metamorphic sole and existing geochemical data-suggest that sole metamorphism occurred in a subducted slab during ophiolite formation in a supra-subduction zone setting. The 1.3 Ma difference between the Wadi Tayin and Sumeini sole localities suggests that either the metamorphic rocks at these localities underwent metamorphism and returned up the subduction channels at different times, or that differential subduction rates along the length of the ophiolite led to diachronous metamorphism in the subducting slab followed by the exhumation of a single coherent block that was then juxtaposed with the base of the ophiolite.
